The 
Introduction

Chronic neurodegenerative diseases are a group of progressive disorders characterized by gradual loss of neuronal function in distinct areas of the central nervous system, leading to impaired brain functioning [1-4]. They include Alzheimer's disease (AD), Parkinson's disease (PD), amyotrophic lateral sclerosis (ALS) and prion diseases
. Emerging evidence suggests that ER stress may play a pivotal role in the development or pathology of many neurodegenerative diseases. [12] . We have recently shown that the stress-inducible form of HSP70 (HSP72) can interact with IRE1 and increase XBP1 mRNA splicing, thus modulating the expression of XBP1's target genes causing attenuated apoptosis under ER stress conditions [13] . It is likely that additional proteins can interact with IRE1 to alter its activity. [14] . PERK-mediated phosphorylation of the ␣ subunit of eukaryotic translation initiation factor 2 ␣ (eIF2␣) at Ser51 leads to translational attenuation [14] . Although phosphorylation of eIF2␣ inhibits general translation initiation, it paradoxically increases translation of activating transcription factor 4 (ATF4) [15] through a cap-independent process (Fig. 1) . Recent studies suggest that in addition to eIF2␣, the bZiP Cap 'n' Collar transcription factor, nuclear respiratory factor 2 (NRF2) is also a substrate of PERK [16] . NRF2 is retained in the cytoplasm through its association with the microtubule-associated protein KEAP1 (Kelch-like Ech-associated protein 1) [16] . Upon ER stress, PERK-mediated phosphorylation of NRF2 promotes its dissociation from KEAP1, leading to the nuclear accumulation of NRF2 [16] . NRF2 binds to the antioxidant response element to activate transcription of genes encoding detoxifying enzymes such as A1 and A2 subunits of glutathione S-transferase, NAD(P)H:quinone oxidoreductase, ␥-glutamylcysteine synthetase, heme oxygenase-1 and UDP-glucoronosyl transferase [16] .
ER stress and the UPR
Physiological or pathological processes that disturb protein folding in the ER cause ER stress. The cells initial and rapid response to ER stress is the activation of a set of pro-survival signalling pathways termed the UPR. Activation of the UPR causes a shutdown of global protein synthesis and activates mechanisms that allow the cell to deal with the accumulation of unfolded proteins. For example, it enhances the protein folding capacity by increasing the expression of ER chaperones and it up-regulates the degradation of misfolded proteins. This co-ordinated biochemical response to ER stress allows cells to deal with ER stress-however, if the stress is prolonged or excessive, apoptosis ensues. In mammals, the three major ER stress sensors are IRE1 (inositol requiring 1; ERN1, endoplasmic reticulum-to-nucleus signalling 1), PERK [double-stranded RNA-activated protein kinase (PKR)-like ER kinase; PEK, pancreatic eukaryotic initiation factor 2␣ kinase; EIF2AK3] and ATF6 (activating transcription factor 6)
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The PERK axis: attenuation of translation
PERK is an ER-associated transmembrane serine/threonine protein kinase. Upon accumulation of unfolded proteins in the ER lumen, PERK dimerization and trans-autophosphorylation leads to activation of its kinase domain
The ATF6 axis: regulated proteolytic activation
In mammals, there are two alleles of ATF6, ATF6␣ (90 kD) and ATF6␤ (110 kD) , both are synthesized in all cell types as ER transmembrane proteins. In unstressed cells, ATF6 is localized at the ER membrane and bound to GRP78 [17] . In response to ER stress, GRP78 dissociation permits trafficking of ATF6 to the Golgi complex, where ATF6 is sequentially cleaved by two proteases [17] [6] . However, if the damage is too severe and ER homeostasis cannot be restored, apoptosis ensues [21] . (Fig. 2) . In conjunction with apoptotic protease activating factor 1 (Apaf-1), pro-caspase-9 and cytochrome c form the apoptosome [22, 23] [25] . In addition, caspase-12 expression has no effect on cell viability in B16/B16 melanoma cells when treated with the ER stress inducer thapsigargin [26] . Caspase-4 has high homology to caspase-12 and its expression and cleavage is increased during ER stress [2] [37] . [38] . To remove the aggregates of misfolded proteins that cannot be degraded by the ERAD, the UPR activates autophagy [11] . During ER stress-induced autophagy, portions of the ER and protein aggregates are engulfed in double-membrane structures called autophagosomes and delivered to lysosomes for degradation [39] . The initiation of autophagy requires activation of the ATG1/ULK induction complex [40] . This complex is essential for the formation of a small double membrane structure known as a phagophore, which will eventually mature into a double-membraned vacuole termed an autophagosome [41] . 
ER stress-induced apoptosis
Synthesis of proteins in the ER is monitored by an elaborate quality control mechanism that allows only correctly folded proteins to be transported to their final destination, and misfolded or unassembled proteins are retained in the ER and subsequently degraded by ERAD. In the ERAD pathway, ER-resident chaperones recognize the misfolded proteins and ER reductases remove disulfide bonds in these proteins to facilitate retrograde transport to the cytosol where they are degraded by the proteasome
Mammalian target of rapamycin (mTOR) is a key kinase in the regulation of autophagy and activated mTOR inhibits autophagy. mTOR exists in two different complex forms, mTOR complex I (mTORC1) and mTOR complex II [42]. AMP-activated protein kinase (AMPK) negatively regulates mTOR via the tuberous sclerosis complex (TSC). AMPK is activated in response to
The UPR and neurodegenerative disorders
As outlined earlier, disruption of ER functioning is associated with the accumulation of misfolded proteins. Significantly, the accumulation of misfolded proteins is a characteristic occurrence in many neurodegenerative diseases [3, 54, 55] and neurodegenerative diseases are often described as protein conformational disorders or proteinopathies [1] . Normally [38] . In the native conformation, hydrophobic patches are usually buried within the interior of soluble proteins to maintain the lowest energy state [55] . Misfolded proteins have hydrophobic patches exposed allowing them to interact with other proteins leading to aggregation. In most cases, the native monomeric protein is mainly composed of ␣-helix, whereas the misfolded polymers are rich in ␤-sheet conformation [55] . Neurons are heavily reliant on the removal of misfolded proteins to maintain homeostasis [56] and accumulation of misfolded proteins is a characteristic feature of many neurodegenerative diseases including AD [57] , PD [58] , transmissible spongiform encephalopathy [59] and also acute neurodegenerative disorders such as traumatic brain injury [60] and cerebral ischaemia [61] [66] [67] [68] 
. Neurofibrillary tangles contain twisted pairs of helical filaments formed by the aggregation of hyperphosphorylated tau [69]. Hyperphosphorylation of tau impairs its ability to interact with cytoskeletal microfilaments, resulting in disorganization of the cytoskeleton.
The presenilin protein is a component of the ␥-secretase complex, which is widely expressed in the ER and Golgi apparatus [70] . Presenilin mutations are linked with the majority of early onset forms of AD [69] with presenilin 1 (PS1) being more highly expressed than PS2, and mutations in the genes coding for a presenilin protein reduce the average age of onset of AD [71] . Evidence also demonstrates that PS1 mutations render cells more susceptible to apoptosis induced by a range of insults [72] . [73] . However, studies on the brains of AD patients have revealed increased activation of PERK, therefore more work is required to delineate the contribution of PERK signalling in AD pathology [74] . Mutant PS1 is also known to bind, and inhibit IRE1, thereby reducing, or delaying, the transcription of ER chaperones such as GRP78 which has consistently been found to be down-regulated in AD [73] . In fact, the increased sensitivity of neurons to ER stress is attributed to the decreased levels of GRP78 mRNA. We have recently demonstrated that modulation of IRE1 activity and the resultant effect on XBP1 splicing can regulate cell fate [13] (Fig. 3A) [75] . It (Fig. 3B) [80] . [80] .
Presenilin is an integral membrane protein that is located primarily in ER and has been shown to influence the activity of two of the key ER stress sensors IRE1 and PERK (Fig. 3A). Presenilin mutations reduced phosphorylation of PERK and eIF2␣, resulting in failure to attenuate protein synthesis causing protein accumulation in the ER
Inhibition of phosphorylation of eIF2␣ protected the A53T ␣-synuclein-overexpressing cells from cell death, suggesting that the activated UPR was shifting the balance towards apoptosis
LRRK2 mutations also cause dominant familial PD, and may also account for a number of previously considered sporadic cases of PD [81, 82] . LRRK2 is a large multi-domain protein with kinase and GTPase activity, although its biological function has yet to be elucidated [82] . Mutations in LRRK2 cause impairment of protein degradation pathways with ageing [82] . This can lead to accumulation of ␣-synuclein and ubiquitinated proteins, impairment of the autophagy-lysosomal pathway, accumulation of oxidised proteins, an inflammatory response and increased apoptosis [82] . [83] . [84] . Mutations in Parkin result in loss of ubiquitin-protein ligase activity [85, 86] , which can result in the accumulation of misfolded proteins within cells and may underpin the development of PD in people with this genetic mutation [85, 86] . Parkin has been shown to be up-regulated via AFT4, following ER stress and this event is associated with promotion of cell survival. A reciprocal relationship was also shown between JNK and Parkin. In addition, it was found that CHOP could down-regulate Parkin expression [87] . These findings suggest wild-type Parkin plays a protective role following ER stress by preventing stress-induced mitochondrial damage. However, prolonged stress will eventually lead to cell death with mutant Parkin potentially tipping the balance towards cell death [87] . More recently, the role of Parkin in mitophagy (selective degradation of mitochondria via the autophagy pathway) has been implicated in contributing to PD. [88] . Interestingly, disease-associated Parkin mutations disrupted mitophagy at distinct steps highlighting the importance of Parkin-mediated mitophagy in PD [88] .
UCH-L1 mutations are linked to autosomal-dominant PD, however the mechanism by which it caused the disease is unclear, with conflicting evidence reported for its in vivo functions. Recent studies reveal a role for UCH-L1 in chaperone-mediated autophagy (CMA) and mutant UCH-L1 was shown to inhibit CMA-mediated removal of ␣-synuclein
Several genetic mutations have been linked to the recessive form of PD including Parkin, an E3 ligase which forms part of the cascade reaction which targets misfolded proteins for degradation by the proteasome
Mitophagy is required for the removal of damaged mitochondria and to maintain cellular integrity. Parkin is recruited to depolarized mitochondria via PTEN-induced kinase-1 (PINK1) leading to mitophagy. It is proposed that Parkin then causes ubiquitination of voltage-dependent anion channel 1 leading to mitochondrial clearance
Mutations in PINK1 have also been implicated in the recessive form of PD. Apart from its role in recruiting Parkin to mitochondria for subsequent mitophagy, PINK1 has also been implicated in protein stability and the wild-type protein may protect cells from oxidative stress, mitochondrial dysfunction and apoptosis [89] . [90] . Paraquat, an agricultural herbicide which is linked to sporadic PD, can induce expression of ER stress markers such as GRP78 and CHOP. Further investigation has revealed that paraquat activates IRE1/ASK1/JNK leading to apoptosis [91] .
Mutations in DJ-1 are also linked to PD. DJ-1 has been suggested to act as an antioxidant or redox sensor protein and defective DJ-1 may predispose to oxidative stress and activation of the ER stress cascade
Therefore, significant evidence indicates that protein products of genes mutated in PD have a role in regulating protein stability such as ␣-synuclein (proteasome), Parkin (E3 ligase), DJ-1 (redox sensor) and PINK1 (protein stability) (Fig. 3B) . In addition, drugs such as 6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenylpyridinium (MPP ϩ ) which are used to develop animal models of PD, induce ER stress [92] (Fig. 3B) [93, 94] . Abnormal protein aggregation has also been reported in ALS. Bunina bodies, neurofilament cytoskeletal aggregation and deposition of aggregates of proteins such as ubiquitin, mutant superoxide dismutase 1 (mSOD1) and protein disulfide isomerase (PDI) are characteristics of the disease [95, 96] .
Approximately 2% of ALS patients have a mutation in the SOD1 gene and transgenic rodents expressing the mSOD1 are the most commonly used model of study in ALS research [93] . mSOD1 misfolds, aggregates and induces the UPR in transgenic mSOD1 mice, causing apoptosis [97] and has been implicated in the development of ALS. The protein level of the ER chaperone, PDI, in particular was increased, and was shown to co-localize with aggregated mSOD1 protein [97] . In a longitudinal study using mSOD1 mouse models of ALS, vulnerable motoneurones were shown to be selectively prone to a UPR response and axonal degeneration, which could be attenuated or exacerbated by treatment protecting against or stimulating further ER stress, respectively [98] . As previously discussed, ERAD of misfolded proteins has been implicated in a range of neurodegenerative conditions, including ALS. Dysfunction of ERAD, causing ER stress has been shown to occur in mSOD1 containing motor neurones [99] , through a mechanism involving Derilin-1, an ERAD-linked protein, subsequent ER stress-induced activation of the ASK1 pathway and ultimately apoptosis [99] . Specifically, mSOD1 was shown to interact with Derilin-1 causing dysregulation of ERAD leading to ER stress-induced ASK1 activation, apoptosis and disease progression (Fig. 3D) . [100] . It has been proposed that development of ALS may occur due to the disruption of the UPR caused by the mutation in VAPB, resulting in accumulation of misfolded protein in the ER [101] . Native VAPB has been implicated in the UPR via the IRE1/XBP1 [101] , and ATF6 pathways [102] , a function that is lost in mutants which contain abnormally highly ubiquitinated and misfolded VAPB P56S [101, 102] [106, 107] and result in abnormal cytoplasmic inclusions containing FUS protein in spinal cord motor neurones [107] . Despite the functional similarities of TDP-43 and FUS/TLS, whether they converge on the same pathogenic pathway remains to be clarified, although enhanced interaction between FUS/TLS and mutant TDP-43 has been reported [108] .
Mutation of the vesicle-associated membrane protein/synaptobrevin-associated protein B (VAPB), which associates with intracellular membranes, such as ER, has been implicated in the development of late-onset ALS
More recently, evidence of induction of the UPR has been reported in sporadic human ALS [96] . UPR sensors IRE1, PERK and ATF6 show increased expression in spinal cord from sporadic human ALS patients [96] . However, conflicting evidence suggests that activation of the UPR may cause ER stress-induced apoptosis [96] or may actually be a neuroprotective response triggering increased levels of autophagy [12] . Therefore, it is likely that the cellular mechanisms influencing the balance between the protective response and cell death response of the UPR are crucial in these cells. [109] and cytoprotection against a number of cellular stresses including oxidative stress [110] , TNF-induced cell death [111] , BAX-induced cell death [112] and serum deprivation in a BAX-dependent manner [113] . (Fig. 3D) [116, 117] . 
Prion diseases
